The behavior of a rigid circular footing when subjected to inclined loading on cemented and uncemented calcareous sand is investigated. Results from inclined loading tests of a 25 mm diameter foundation are used to assess the applicability of an existing work-hardening plasticity model that describes combined vertical, moment, and horizontal loading behavior. The model makes use of the force resultants and the corresponding displacements of the footing, and allows predictions of response to be made for any load or displacement combination. The results of retrospective modeling of the experiments using this system "macroelement" method are described and compared to the experimental results and those also obtained by three-dimensional finite element analyses. They show the applicability of the model to conditions different to the tests used in its original design and calibration. With significantly less computation effort than finite element modeling, its versatility as a quick calculation method for the inclined loading of circular footings on both cemented and uncemented calcareous sands is demonstrated.
Introduction
Due to the installation of oil and gas platforms in areas of offshore calcareous sediments there has been increasing interest in the behavior of shallow foundations in these soils. Cementation, crushable particles, and high in situ void ratios are some of the characteristics of calcareous sediment that have made the use of conventional bearing capacity methods inappropriate (Poulos and Chua 1985; Finnie and Randolph 1994) . Furthermore, for gravitybased and mobile drilling (jack-up) structures an understanding of shallow foundation load-displacement behavior under combined (vertical V, moment M, and horizontal H) loading is essential. However, though there is an expanding database of the combined loading behavior of shallow foundations on silica sands (amongst others, Tan 1990; Nova and Montrasio 1991; Gottardi and Butterfield 1993; Gottardi et al. 1999; Musso and Ferlisi 2002) , there has been limited experimental data available for their behavior on calcareous sediments.
To address this Pan (1999) investigated the bearing behavior of a 25 mm diameter shallow foundation on both cemented and uncemented calcareous sand in a series of inclined loading experiments. The rigid footing was pushed vertically into the soil using a loading rod and then, on separate samples, at inclination angles of 10, 20, and 30°from the vertical position. The loaddisplacement results have been presented in Pan (1999) and Pan et al. (1999) .
Approaches to model these types of events have focused on traditional bearing capacity methods, such as reduced friction angles in a modified Terzaghi method (Terzaghi and Peck 1967) and the use of shape and inclination factors (Meyerhof 1953; Brinch Hansen 1961 , 1970 Vesic 1975) , and more complex finite element numerical analysis [see Smith et al. (1988) , for instance]. The high compressibility of calcareous sands is a key characteristic influencing their behavior, and routine bearing capacity methods and standard constitutive models have proved inadequate (Le Tirant and Nauroy 1994) .
Another approach is investigated here. In this paper the experimental data of Pan (1999) will be used to access the applicability of an existing plasticity model, known as Model C and described in Houlsby and Cassidy (2002) and Cassidy et al. (2002a) , in the prediction of circular footing behavior on both cemented and uncemented calcareous sand.
Model C is a strain-hardening plasticity model for circular footings that was originally developed from experimental investigations on dense silica sand under drained conditions (Gottardi et al. 1999) . Any combination of combined (vertical, moment, and horizontal) load or deformation path can be applied to the footing and the corresponding unknowns (deformations or loads) calculated. Using a series of specifically designed tests on loose carbonate sand (Byrne and Houlsby 2001) , Model C has been modified for use in uncemented calcareous sands (Cassidy et al. 2002a) . It is this modified version of Model C that will be assessed against the experimental investigations of Pan (1999) . These simulations will test the model against experimental data not used in the calibration of its major model parameters. 
where ␦w e , ␦ e , and ␦u e represent the conjugate pairs of the footing incremental elastic displacements.
An appropriate shear modulus is one of the most difficult parameters to extablish. As the mobilized shear stiffness is strongly dependent on the shear strain, it should represent typical shear strains under the footing. The G values given here are those used in the finite element modeling of Islam (1999) and were deduced from unload pressure-displacement curves of the physical experiments. Suggestions for calculating a representive shear modulus have been outlined in Cassidy et al. (2002b) .
These dimensionless elasticity coefficients may be derived using finite element analysis of a footing. They depend on the geometry of the footing (e.g., depth of embedment and shape) as well as the Poisson's ratio of the sand. These values were derived by Bell (1991) for a flat surface footing and a Poisson's ratio of 0.49. Other factors for rigid conical footings have been published (Ngo-Tran 1996) and more recently Doherty and Deeks (2003) extended the range of geometries and conditions by using the scaled boundry finite element method.
Elastic stiffness factor (vertical) 
A series of experimental "swipe" tests is required to establish the yield surface shape. In a swipe test the footing is penetrated into the ground until a particular vertical load has been reached. At this point the footing is driven horizontally and/or rotated while the vertical penetration is kept constant. Many researchers, such as Tan (1990) and Martin (1994) have argued that the load path followed can be assumed to be a track of yield surface appropriate for that penetration (provided the ratio of vertical stiffnesses just within and on the yield surface is large). The values of the yield surface parameters given here represent the best fit to experimental data of a 100 mm flat circular footing on loose carbonate sand (Byrne and Houlsby 2001) . However, similar shapes have veen determined for spudcans on dense silica sand (Tan 1990; Gottardi et al. 1999 ), on overconsolidated clay (Martin 1994) , and pipelines on carbonate sands (Zang et al. 2002) . Both laboratory floor and centrifuge testing methods, involving a range of stress levels, were used in these tests. 
The flow rule allows prediction of the footing displacements during yield. The paths followed in the experiments used to determine the flow rule must therefore involve expansion (or contraction) of the yield surface. "Constant V," where the vertical load is fixed while the footing is driven horizontally and/or rotated, and "Radial Displacement Tests," where straight paths of different combinations of vertical, horizontal, and rotational displacements are applied to the footing, are examples of suitable tests. Due to nonassociation in the deviatoric plane in the tests of Byrne and Houlsby (2001) , a plastic potential ͑g͒ different to the yield surface was required. A similar expression to that of the yield surface is applied, but association factors (␣ h and ␣ m ). The "best-fit" values of ␣ h and ␣ m have shown variability to displacement path by Cassidy et al. (2002a) , with the values here representing a compromise solution.
Curvture factor for plastic potential (high stress) 0.82
Hardening law c (F) Hardening law parameters 2,847 N 2,552.5
Parametric values providing the best fit of the experimental data of Pan (1999) using Eq.
(1). Further discussion of appropriate hardening laws is given in the text.
also investigate different load-paths, stress-states, and its application on cemented samples.
Macroelement Modeling Approach
Recently there has been considerable interest in the development of "macroelement" numerical models for shallow foundation behavior based on plasticity theory (Schotmann 1989; Butterfield 1993, 1995; Martin and Houlsby 2000; Cremer et al. 2001; Martin and Houlsby 2001; Houlsby and Cassidy 2002) . The plasticity framework models the load-displacement relationship for shallow foundations in essentially the same way as a constitutive law for metal or soil relates stresses and strains. Loading is applied incrementally, and the numerical plasticity model computes updated tangent stiffnesses for each step. With a yield surface defined, any changes of load within this surface will result only in reversible elastic deformation. However, plastic deformation can result when the load state touches the surface, with the irreversible footing displacements calculated from a flow rule.
Details of the Work-Hardening Plasticity Model Used
The yield surface of Model C is defined in three-dimensional ͑V , M , H͒ loading space by the best fit of specifically designed experimental data (Gottardi et al. 1999; Byrne and Houlsby 2001) . Details of the testing procedure required to establish the surface, as well as the empirical expression used in its definition, are given in Table 1 . The shape of the surface is shown in Fig. 1 and can be described as an eccentric ellipse in section on the planes of constant V, and approximately parabolic on any section including the V axis. The size of the yield surface is determined by V 0 , which describes the apex of the surface. Its shape is de- Table 1 for plastic potential and yield surface equations)
scribed by h 0 and m 0 , which are the intercepts of the ellipse with the respective coordinate axes and a, which determines the eccentricity of the ellipse. Although the shape of the Model C yield surface is assumed constant, the size may vary, with the yield surface expanding as the footing is pushed further into the soil and contracting with footing heave. This expansion (or contraction) is defined by an empirical strain-hardening expression and this process is depicted diagrammatically in Fig. 2 . Discussion of an appropriate hardening law for calcareous sands is given later in this paper.
All of the experiments used to derive the flow rule of Model C (see Table 1 for details of the testing procedure) indicate associated flow in the moment-horizontal load plane, but nonassociation, with larger ratios of vertical plastic displacements than associated flow would predict, in the horizontal-vertical and moment-vertical planes (Gottardi et al. 1999; Cassidy et al. 2002a) . To account for this, the plastic potential surface (on which a normal vector defines the plastic displacement ratio) is a similar expression to that of the yield surface, but scaled in shape and size by two association factors. The expressions for the flow rule and association factors are detailed in Table 1 and the expanded surface shape shown in Fig. 3 .
Only the main equations used in the mathematical formulation of Model C are given in Table 1 . However, further details can be found in Cassidy et al. (2002a) and Houlsby and Cassidy (2002) . To investigate the capability of Model C to predict inclined footing behavior on cemented and uncemented calcareous sands, numerical simulations of Pan's (1999) inclined loading experiments have been performed.
Retrospective Modeling of Experiments
Pan (1999) conducted monotonic loading tests on cemented and uncemented calcareous soil vertically and at inclination angles of 10, 20, and 30°from the vertical. All test were carried out on samples of 250 mm diameter and 175 mm height and the size of the footing was 25 mm in diameter. Fig. 4 shows the loading frame, loading rod, and ball and socket connection to the footing. The calcareous sand was obtained from the site of the North Rankine "A" gas platform on the North West Shelf of Australia (Renfrey et al. 1988 ) and once obtained the moist soil was airdried and sieved, with particles larger than 2.36 mm and smaller than 75 m discarded (Pan 1999) .
Inclined Loading on Cemented Calcareous Sand
Natural cementation in calcareous sediments is formed by carbonate participation. In the experimental tests, however, the calcareous sand was artificially cemented by adding 20% gypsum by weight and consolidated with a confining pressure to obtain the target unit weight of 13 kN/ m 3 . The sample preparation process is described in further detail in Yeoh (1996) and Pan (1999) . All of the tests were performed with the same slow loading rate of 0.04 mm per min. Fig. 5 shows the load-displacement relationship for the vertical and inclined loading experiments on the cemented sand. While being loaded, the bearing resistance of the model footings increased with continuing displacements, with no clear failure point observed. Therefore the tests were continued until the loading ram had moved approximately 30% of the diameter of the footing (i.e., ␦ / d = 0.3, where ␦ is the displacement in the direction of the applied load and d the diameter of the model footing). This behavior is consistent with local or punching shear failure observed in calcareous sands (by amongst others, Poulos and Chua 1985; Nauroy and Golightly 1991; Finnie and Randolph 1994; Byrne and Houlsby 2001) . For comparison with traditional bearing capacity approaches a routine failure limit of ␦ / d = 0.1 was prescribed by Pan (1999) . However, this is again shown to be very conservative for considering bearing capacity in calcareous sands (Le Tirant and Nauroy 1994).
In the inclined loading tests, the angle of inclination can also be seen to have a significant effect on the overall bearing response, with the "bearing resistance" decreasing with load inclination. Pan (1999) reported a sliding mechanism occurring for the larger angles of inclination and the ability to capture this represents a significant numerical modeling challenge.
The magnitude of the rotation of the footing was not always measured in the experimental process (Pan 1999) . However, when it was Pan reported an increased rotation at around ␦ / d = 0.1. This is shown for the inclined loading test at 30°in Fig. 6 , where the rate of rotation is significantly altered at around that point and a rotation of around 10°was recorded by the end of the test. Slight rotations were also observed perpendicular to the loading directions (after ␦ / d = 0.1) and this further complicates the interpretation of any retrospective numerical simulations.
Modeling Procedure Using Macroelement Approach
The retrospective numerical modeling of the experimental tests using a macroelement approach was performed with Model C and the following procedure:
Step 1: The experimental pure vertical loading test data was used to fit the vertical hardening law of Model C. Further details of this are described below.
Step 2: To simulate the inclined loading tests the Model C "macroelement" was displacement controlled in the vertical and horizontal directions (at the appropriate angle of inclination) and load controlled in rotation with zero moment. This is depicted in Fig. 7 . This ensured that the assumption of a "pinned" connection and a centrally applied load was numerically simulated. The Model C parameters used, for the yield surface, flow rule, and elastic matrix, have not been altered from those recommended in Cassidy et al. (2002a) for modeling circular footings on loose carbonate sand and are also given in Table 1 .
Step 1: Pure Vertical Loading on Calcareous Sands The experimental vertical loading test data was used to fit the vertical hardening law of Model C using the expression:
where V 0 = vertical load (and as shown in Fig. 1 , the apex of the yield surface determining its size), w p = plastic vertical displacement and c, k 1 , and k 2 = constants used to fit the curve (see Cassidy et al. 2002a) . In order to deduce the plastic component of vertical displacement from the total measured displacements, an assumption of the vertical elastic stiffness was made, with further details described in Table 1 . For the cemented case a good fit of the experimental data can be achieved using parametric values of 2,847 N, 0.215 mm, and 315 N / mm, respectively. This is shown in Fig. 8 for the load-total displacement simulation of the experimental data. As seen in Fig. 8, and also (1999) , the pure vertical bearing response of circular foundations in cemented calcareous settlements can be described as bilinear, with a yield point that is similar to the yield stress in one-dimensional compression. This is shown in Fig. 9 , where the pressure-settlement curve is shown idealized with a linear "elastic" part followed by a linear "plastic" part. Randolph and Erbrich (1999) explain this bilinear shape as being attributable to the very small "consolidation settlement" expected before the yield pressure is exceeded. Eq. (1) was recommended as a suitable expression for Model C's hardening law in Cassidy et al. (2002a) as it allows a closed form solution and a reasonable fit to experimental data in calcareous sands.
However, if class "A" predictions are required Islam (1999) and Islam et al. (2001) detail a method of predicting the bearing pressure-displacement response. In a parametric study of surface and embedded circular footings in carbonate sand Islam showed that footing diameter, preconsolidation pressure ͑p 0 Ј͒, unit weight ͑␥Ј͒, plastic compressibility ͑͒, constant volume friction angle ͑Ј͒, spacing ratio ͑r͒, and void ratio constant ͑e cs ͒ all have some influence on the pressure-displacement response. The study used the SU2 constitutive model in the three-dimensional finite element analysis and assumed an idealized profile of preconsolidation pressure to exist below the footing and overlaying a normally consolidated sand layer (a reasonable representation of offshore conditions).
[The SU2 constitutive model is a modified and generalized version of Cam Clay that was developed to investigate the behavior of carbonate sands Islam 1999 Islam , 2001 ). In the model the plastic potential function is identical to that of Modified Cam Clay. However, the yield surface is reduced to incorporate nonassociated flow. This reduction is performed using the only additional parameter, the "spacing ratio." For cemented calcareous sands the SU2 model does not treat the cementation as an additional model component, but adjusts the conventional state parameters with the addition of the spacing ratio, to fit the yield points. The model was implemented into the finite element program AFENA (Carter and Balaam 1995) , which was used to produce all of the finite element results discussed in this paper. SU2 has been used to predict the triaxial behavior of uncemented and artificially cemented carbonate sands, as detailed in Islam et al. (1999) and Islam (1999) .] The outcome was a set of design charts that can be used to obtain the "elastic" slope, the yield pressure, and a "plastic" slope of this idealized bearing pressure curve, and once these are determined, a method for idealizing the smooth curve. It is not pertinent to detail the complete method here and reference should be made to Islam (1999) and Islam et al. (2001) . Table 2 shows the parameters and the values determined by Islam (1999) to be appropriate for the soil used in Pan's (1999) experiments. These are also the parameters required in the SU2 constitutive model. Fig. 8 also shows a simulation of the pure vertical bearing response using the design charts and bilinear model of Islam (1999) .
Other predictive methods for circular footings on both cemented and uncemented calcareous sands have been published. For instance, Houlsby et al. (1988) outlined a formulation for the bearing capacity of circular foundations on cemented carbonate sands, based on a series of closed-end pile experiments. Though the proposed design charts of Islam (1999) have also been calibrated for uncemented normally consolidated calcareous sand, other methods exist for this assessment. Randolph et al. (1993) and Finnie and Randolph (1994) outline a "bearing modulus" approach based on the results of a series of centrifuge experi- Fig. 8 . Comparison of experimental and numerical results for the pure vertical loading case on cemented calcareous sand Fig. 9 . Bilinear approximation of the bearing pressure displacement response used by Islam (1999) ments. The finite element analyses of Islam, using the SU2 constitutive model, were also successful in modeling these experiments. For the behavior of prototype spudcans (the conical circular footings of mobile drilling rings which sometimes have diameters in excess of 20 m) reference should be made to Dutt and Ingram (1988) .
Step 2: Retrospective Simulation of Inclined Loading Tests
The macroelement numerical simulations of the model inclined load experiments are shown as dashed lines in Fig. 10 . Model C shows excellent predictive capabilities for the inclined loading experiments for large relative displacements (␦ / d Ͼ 0.15 for inclination angles of 20 and 30°and at lower values for 10°). However, for the higher inclination angles, a steeper load path was predicted for smaller relative displacements. The slightly concave nature of the 20 and 30°experimental response for levels of ␦ / d Ͻ 0.15 makes numerical simulations difficult, whether with finite elements or a macroelement approach. Interestingly, at least for the 30°case, this concave response also coincides with an out-of-plane rotation recorded by Pan (1999) and shown in Fig. 6 . It levels out at around ␦ / d Ϸ 0.15 and this could have affected the amount of bearing pressure experimentally recorded before this point.
A comparison of the in-plane footing rotation for the inclined loading test at 30°in the experimental tests and numerical simulations is shown in Fig. 11 . The Model C numerical prediction of the rotation, for the assumption of zero moment, slightly underpredicts the rotation, though it is of reasonable magnitude. However, the assumption of no moment in the experimental process may not be entirely correct. The ball and socket loading system (Fig. 4) should limit the moment at the contact point of the rod and footing to only very small amounts of friction. However, the point of load application is not at the center of the footing and with rotation the loading point of the rod on the footing becomes eccentric. This therefore adds moment at the footing's load reference point. It could be expected that proportionately this moment may increase with footing rotation. This was not modeled in the Notes: Model parameters were determined from a series of isotropic consolidation and triaxial shear tests. Further details of the parameters used to define the SU2 constitutive model can be found in Huang (1994) and Islam et al. (1999) . Similar values were derived by Coop (1990) for the carbonate Dog's Bay sand. a Slope of the NCL and CSL (in e-lnp space). b Slope of the elastic unload-reload line (in e-lnp space).
Fig. 10.
Comparison of experimental and macroelement (Model C) numerical results for cemented calcareous sand numerical studies and may be the cause of differences between the experiments and the predictions. If the exact point of contact was known and the moment applied to the footing deduced, more accurate numerical simulations may have been possible. However, in general, the existing Model C parameters have retrospectively simulated the experiments to levels of engineering interest.
Comparison with Finite Element Results
Using three-dimensional finite element analysis, Pan (1999) and Islam (1999) also performed simulations of the physical inclined loading experiments. In an initial attempt an elastoplastic MohrCoulomb constitutive model was used with a reduced friction angle of 23°and a cohesion of 400 kPa assigned to the cemented calcareous sand. These values were derived by Yeoh (1996) from peak strengths observed in isotropically consolidated drained triaxial tests and plotting Mohr-Coulomb failure envelopes for confining stresses from 50 to 1,000 kPa. The failure loads predicted at ␦ / d = 0.1 have been superimposed onto the experimental and macroelement simulation data in Fig. 12 and indicate that a simple Mohr-Coulomb constitutive model is unable to adequately simulate the behavior of footings on the highly compressible calcareous sands [for further modeling details and results, reference should be made to Pan (1999) ].
More success was achieved using SU2-a critical state based constitutive model specifically developed to investigate calcareous soil behavior (Islam 1999; Islam et al. 1999 Islam et al. , 2001 ). The predictions using this model are shown in Fig. 12 , where they are also compared to the experiments and the macroelement approach. The finite element analyses showed a significantly steeper loading path for small displacements than the experiments, and also a stiffer response than the macroelement approach. The stiff initial response of the finite element runs is attributable to the elastic behavior in a preconsolidated yield surface (established as a consequence of the sample preparation). Though initially stiffer than the experiments, the inclined macroelement predictions de- Pan (1999) and Islam (1999) (experimental and Model C results are the continuous and dashed lines, respectively, as in Fig. 10) part from the vertical load curve earlier than the FE prediction and with a greater magnitude (showing better simulation of the experimental results). This is because an initial yield surface has not been established before the inclined push, and expansion of the surface and consequent plastic behavior occurs immediately, as load is applied.
For the cemented case, the macromodeling approach can be seen to have as good a simulation ability as the finite element method. However, the finite element results only produced reasonable results with a specialist constitutive model. They also required significantly more computational effort and interpretation from an experienced 3D finite element user.
For situations where a full geotechnical site investigation has been undertaken and a detailed finite element analysis can be justified, the method has a proven track record and flexibility to incorporate different constitutive models. However, macroelement models are receiving increased popularity for situations where that is not the case. The dynamic site-specific assessment of mobile drilling (jack-up) rigs is one such case. In this situation, understanding both the complex state of stress and strain underlying three independent "spudcan" footings as well as their interaction with a highly nonlinear structure is essential. An integrated assessment of the entire wave-structure-soil system is still not achievable using the finite element method. Further, full site investigations of the seabed are not usually undertaken limiting the effectiveness of a complex finite element analysis of even one footing. The more practicable option of incorporating the foundation as a "macroelement" force resultant model within a dynamic time-stepping structural analysis program is becoming increasingly important. Therefore validation of existing macroelement models with experimental databases should be performed. This paper addresses this issue.
Inclined Loading on Uncemented Calcareous Sand
Further testing by Pan (1999) was performed on uncemented soil, with the gypsum cement previously used in the cemented sample replaced with sieved calcareous sand finer than 75 m. The samples were mixed and poured into a sample mould, where they were subjected to slight manual vibration and then compacted under a pressure of 40 MPa to produce samples with the same density as the cemented sand [see Pan (1999) for details]. All testing was performed on dry samples with the same loading rate as that for the cemented samples. Fig. 13 shows the load-displacement relationship for the experimental model tests and the Model C numerical retrospective prediction. Again the hardening law was fitted to the vertical penetration experiment (c = 2,552.5 N, k 1 = 0.7 mm, and k 2 =220 N/mm) and the inclined tests were displacement controlled in the vertical and horizontal directions and load controlled for rotation, with an assumption of no moment (Fig. 7) . Even though the Model parameters used were based on loose carbonate sand tests, the simulations are not as good as the cemented case, with overprediction of the loads when compared to the measured displacements.
This was also the case for the finite element analyses using the SU2 constitutive model (Islam 1999) , as shown in Fig. 14 . Interesting, after an initial divergence the macroelement analyses shows almost identical results as the 3D finite element analyses. Islam (1999) commented that in the inclined loading tests the mean pressure on the back of the footing decreases rapidly to zero, with the soil in the region undergoing a type of tensile failure. The SU2 model cannot account for the consequent loss of soil stiffness and this may be a possible reason for the unsatisfactory predictions (compared to the physical experiments). The macromodeling approach does not explicitly differentiate between the pressures on different parts of the footing, but attempts to encapsulate the average resultant footing behavior. It seems to achieve this with as much success as the finite element analysis.
A better match of the experimental and macroelement simulation results was found by simple manipulation of the size of the plastic potential (when compared to the yield surface) in order to increase the degree of nonassociation in the horizontal-vertical and moment-vertical planes. As shown in Fig. 3 , by increasing the association factors, a higher vertical-to-radial (horizontal and/or rotational) plastic displacement ratio can be numerically achieved. In a displacement controlled test of constant horizontal to vertical displacement, this extra degree of nonassociation has the effect of slightly increasing the horizontal load, but significantly reducing the vertical load required to maintain the constant displacement ratio. This has the overall effect of reducing the resolved bearing pressure on the footing. By simply increasing the size by 50% (␣ h from 3.25 to 4.875 and ␣ m from 2.6 to 3.9) all of the inclined simulations of the uncemented experimental model tests are more accurately predicted. This is shown in Fig.  15 .
Some justification for this can be found in the original Model C experimental data. As discussed in Cassidy (1999) and Cassidy et al. (2002a) the flow rule parameter values are a compromise between plastic displacement flow vectors deduced through radial displacement tests (similar to the experiments simulated here, however, the original tests were for a higher inclination angle of 45°) and constant V tests. Details of these tests are described in Table 1 . A "perfect" simulation of a radial displacement test would require a slightly larger plastic potential than for the constant V tests (Cassidy 1999; Cassidy et al. 2002a) . Even so, strong caution is still advised here. The results shown in this paper are only for three model tests and probably do not justify a change in parameters from the compromise values recommended in Cassidy et al. (2002a) .
Further, other reasons for the discrepancy may be more compelling. For instance, the loose carbonate sand tests of Byrne and Houlsby (2001) are for calcareous sand from the same region but a different site (the Goodwyn platform on the North West Shelf of Australia) and were not subjected to any consolidation pressure. Further, and perhaps more importantly, it is believed that more accurate predictions could be made if experimental footing rotations were known and the entire numerical simulation was displacement controlled.
With the numerical simulation results significantly dependent on the relative size of the plastic potential, further experimental verification of the Model C flow rule is recommended for different sand types and conditions.
Conclusion
The load-displacement behavior of rigid circular footings when subjected to inclined loading on cemented and uncemented cal- careous sand has been investigated. Experimental tests performed at the University of Sydney and described in Pan (1999) and Pan et al. (1999) have been used to assess the applicability of a workhardening plasticity model that describes combined vertical, moment, and horizontal behavior. The numerical model has been previously used to describe the behavior of circular footings on dense silica sand by Houlsby and Cassidy (2002) and on loose carbonate sands by Cassidy et al. (2002a) .
It was shown in this paper that with knowledge of the pure vertical load-displacement relationship (the hardening law in the numerical model), an estimate of the inclined loading behavior could be made. Methods for predicting this pure-vertical behavior for calcareous sands were reviewed. The importance of the nonassociated flow rule and the size of the plastic potential relative to the yield surface were highlighted. Further investigation of the flow rule is recommended for different soils, conditions, and loading patterns. However, the "macroelement" system modeling method, using work-hardening plasticity, was shown to simulate the experiments with as much success as the finite element results described in Islam (1999) . Furthermore, it has the advantage of shorter computational times, with an inclined loading test performed in a number of seconds on a personal computer.
